ABSTRACT This paper reports on the effect of direct fluorination on interface discharge characteristics between isotactic polypropylene (PP) and silicone rubber under AC voltage. The influence of fluorination time on discharge initiation and propagation stages has been estimated by measuring phase resolved partial discharge pattern and relationship between discharge rate (N ) and discharge magnitude (Q). Attenuated total reflection Fourier transform infrared spectrum, water contact angle and surface roughness were also measured to gain a better understanding of the fluorination effect on surface chemical and physical structures of sample. Obtained results showed that with the increase of fluorination time from 0 to 15 min, the average surface roughness of PP increased from ∼42 to ∼65 nm, whereas the water contact angle decreased from ∼88 • to ∼58 • . In addition, the discharge initiation time increased from ∼2 to ∼4 s but the discharge propagation time decreased from ∼14 to ∼2 s, leading to the reduction in overall time of interface breakdown from ∼16 to ∼6 s. It is suggested that at the initiation stage the C-F bond introduced by direct fluorination with higher bond energy and deeper trap depth should be responsible for the alleviation of polymer degradation, while at the propagation stage the formation of larger void at the surface tends to accelerate the degradation of polymer. It could be concluded that although the direct fluorination has positive effect by delaying the appearance of discharge channel, it possesses negative effect by shortening the propagation process.
I. INTRODUCTION
Polymer insulating materials have been extensively used in electrical equipment thanks to their excellent electrical, mechanical and thermal properties [1] - [3] . The polymers play an important role in safe operation of the equipment since an insulation failure to the polymer may result in catastrophic accident, which possibly damages the equipment and induces run-away of power system. Therefore, from the viewpoint of safety, it is necessary to maintain good insulation property of polymers. In electrical equipment, the vulnerable area of polymer insulation is often recognized as its surface rather than bulk, since the polymer surface often acts as a part of solid-gas or solid-solid composite insulation geometry [4] , [5] . In these situations, the strength of composite insulation is determined by the interface between different kinds of materials, and the dependence of interface strength upon surface conditions, such as chemical/physical structure and pressure, has been widely demonstrated [6] - [9] . Surface treatments by either physical or chemical approaches have shown their effectiveness on improving the insulation property at the interface [10] , [11] .
Fluorination is an effective surface chemical modification method for polymer to modify the surface property such as barrier properties, wettability, adhesion, chemical stability, biocompatibility and grafting of polymer surfaces [12] - [14] . In recent years, the attempts to employ fluorination to improve surface electrical property of polymers have drawn a lot of attentions. Que et al. [15] has reported that by treating with fluorine/nitrogen mixture, the surface conductivity of epoxy resin could be improved remarkably, which would facilitate the release of surface charge hence higher surface flashover voltage of the polymer could be achieved. Guo et al. [16] have investigated the effect of direct fluorination on surface flashover of low density polyethylene (LDPE) in vacuum. It was found that as the fluorination time extended from 0 min to 60 min, the hold-off voltage of LDPE was enhanced by a factor of 1.34, thereby better surface insulation strength could be obtained. Wang et al. [17] have revealed that the direct fluorination on composite insulator turned the surface from hydrophobic to super-hydrophobic by producing micro-nano hierarchical surface structure that lower the surface energy. Du et al. [18] have investigated the effect of direct fluorination on partial discharge resistance of polyimide film, and it was found that if the polyimide film was fluorinated with proper time, the partial discharge could be suppressed in some extent hence the degradation of polyimide surface could be mitigated. The mechanisms that the fluorination could improve surface insulation property have been mainly attributed to chemical reaction induced variation in surface composition and physical morphology which affects the carrier trap distribution of the polymer [19] . Although enhancement on solid-gas interface insulation property has been observed for many polymers, the research focused on fluorination effect on discharge behavior at solidsolid interface is still very limited.
Polypropylene (PP) as a thermoplastic polymer with high intrinsic breakdown strength as well as high melting point has been considered as a promising candidate for the new generation recyclable cable insulation. A number of papers related to its insulation properties have been published, and the potential of being insulation for AC and DC cable has been reported [20] , [21] . It has been generally accepted that the weak point in a long cable route is cable accessory which connects the each cable segment with typical length of several hundred meters. The configuration of cable accessory is featured with the multiple layer structures where the solidsolid interface is involved [2] , [4] . Since silicone rubber (SR) is usually utilized as the insulation material of cable accessory, the interface at PP/SR is considered as the vulnerable point where interface discharge is likely to take place [22] . It has been reported that the interface breakdown in cable accessory plays a dominant role in determining the safety of cable insulation [23] , [24] . It is then of great importance to find a proper method to modify the interface insulation strength. Recently, article discussing the effect of direct fluorination on suppression of interface charge accumulation under DC voltage has been published [25] , however, whether the fluorination treatment has the ability to inhibit interface discharge under AC voltage is unknown.
In this paper, the effect of direct fluorination on interface discharge between isotactic PP and SR has been estimated. The discharge is visually inspected and the discharge activity is measured through a high frequency current transformer to obtain the phase resolved partial discharge (PRPD) and discharge rate (N)-discharge magnitude (Q) distribution. The influence of fluorination time on the discharge behavior is analyzed. ATR-FTIR, water contact angle and surface roughness measurements are conducted to assist the estimation on fluorination induced variation in interface chemical composition as well as physical morphology that may be responsible for the change in interface discharge behavior. It is found that such a treatment method is essentially a double-edged sword as it not only leads to the variation in chemical composition but also the change in physical morphology that possibly introduces defects into the interface. Such a finding would be remindful for the future research work on improving insulation strength at polymer interface through direct fluorination method.
II. EXPERIMENTAL SETUP A. SAMPLE PREPARATION AND ELECTRODE ARRANGEMENT
Commercially available isotactic PP (PPH-P03, Beihai Company, Sinopec, China, density: 0.91 g/cm 3 , melting point: 168 • C, melt flow rate: 3.00 g/10 min) and high temperature vulcanized SR (110) (Ximei Silicone Materials Company, China) were employed as the test sample. The samples were molded through a hot-press method, where PP specimen was prepared at 175 • C under 15 MPa for 10 min and SR was vulcanized at 160 • C under 12 Mpa for 20 min. The thickness of each sample was 0.5 cm and the dimension was 8 cm × 5 cm. In order to estimate the effect of material property on interface discharge behavior, no silicone grease was painted at the interface. In this work, direct fluorination was performed on the surface of PP sample. The fluorination treatment was carried out at 25 • C in an enclosed reaction vessel, the scheme of treatment vessel could be found in our early publication [26] . Here, a F 2 /N 2 mixture has been used with the volume ratio of 1:4. The gas pressure was controlled at 1 atm, the treating time was 5 min, 10 min and 15 min, respectively. After fluorination treatment, the samples were placed into a vacuum drying chamber at 30 • C for 2 hours before the interface discharge test.
The electrode configuration is shown in Fig. 1 , where a point to plane electrode system was employed to simulate the non-uniform field distribution in a real cable joint. As can be seen from the top view, the point electrode was made from a 55 µm-thick aluminum foil with a sharp angle of 30 • , and the radius of curvature of the point electrode was 66±2 µm. The point electrode and the plane electrode made from the same aluminum foil were attached on the surface of PP sample, leaving an insulation interval of 8 mm for the interface discharge test. The point electrode was connected to high voltage and the plane electrode was grounded. In consideration of the interfacial pressure within a real cable joint of 0.1-0.3 MPa [27] , the interfacial pressure used in this work was selected at 0.12 MPa.
B. CHARACTERIZATION ON SURFACE OF PP SAMPLE
In order to better understand the change in surface morphology of PP sample caused by direct fluorination, including chemical composition and physical structure, the ATR-FTIR, water contact angle and surface roughness were measured, respectively. The ATR-FTIR measurement was performed by using an IR spectrum analyzer (ALPHA, BRUKER). The range of wavenumber was from 650 to 4000 cm −1 and the resolution was 1 cm −1 . The surface roughness was measured by a surface profiler (Dektak 6M, Veeco) with the resolution of 0.1 nm. The sample was placed onto a planner holder, the probe was tightly pressed upon the sample surface. By moving the probe longitudinally along the surface with 100 µm, the asperity of surface could be recorded by the probe, by which the roughness R q could be determined as follows,
where L is the moving distance of the probe along surface, y is the vertical position of probe at x. At least 5 points at surface of the same sample were selected for checking the repeatability of test results, the average value of roughness was shown in following section. The water contact angle was measured at 23±2 • C with relative humidity of 45% by using de-ionized water, at least 3 points on the surface of same sample were measured and the average value was presented.
C. INTERFACE DISCHARGE BETWEEN PP AND SR
The interface discharge test was carried out at 23±2 • C with relative humidity of 45%. The schematic diagram of the test circuit is shown in Fig. 2 . AC voltage of 50 Hz was applied between the point to plane electrode, and the root mean square (RMS) value of the AC voltage was 25 kV which was high enough to initiate discharge between the electrodes. A high frequency current transformer (HFCT) (Xuezi Electrical Apparatus Co., Ltd., China) with bandwidth from 800 kHz to 100 MHz was coupled with the grounding wire to capture the discharge pulse signal which was then transmitted to the data processing center. A digital camera was employed to record the interface discharge process, by which the discharge appearance from the initiation stage to the interface breakdown could be obtained. According to the discharge pulses measured, phase resolved partial discharge (PRPD) pattern, relationship between discharge rate (N) and discharge magnitude (Q), the time period for discharge initiation and discharge propagation could be extracted. At least 10 specimens were used for the each type of sample and the typical discharge appearances are illustrated as example in the following section.
III. RESULTS

A. INTERFACE DISCHARGE BEHAVIOR BETWEEN PRISTINE PP AND SR
The typical interface discharge behavior between pristine PP and SR is shown in Fig. 3 . As the AC voltage of 25 kV rms was applied between the electrodes, gaseous ionization took place at the point electrode because of its high electric field that was originated from the small radius of curvature (∼66 µm).
As can be seen in Fig. 3 (a), a bright discharge point is located adjacent to the tip of point electrode. Such a situation lasts for a certain time from 0 to ∼2 s that no visible discharge channel could be found between the electrodes. With the lapse of time, the discharge channel is gradually formed, as is depicted in Fig. 3 (b). Such discharge channel propagates from the point electrode to the plane electrode with the time expends from ∼2.0 s to ∼15.2 s. As the discharge channel reaches at the plane electrode, the electrodes are bridged and the interface breakdown occurs with a dazzling light emission. Due to thermal effect of the short-circuited discharge current, the interface between PP and SR is seriously degraded with the appearance of carbonized trace, as is shown in Fig. 3(c) , thereby the insulation property of interface is permanently lost. Based on the occurrence and the development of interface discharge, the overall interface breakdown process is segmented into two stages, i.e. discharge initiation stage and discharge propagation stage, which are corresponding to the processes shown respectively in Fig. 3 (a) and 3(b). The typical PRPD pattern and N-Q distribution for the interface discharge process are shown in Fig. 4 and 5. The PRPD pattern was plotted by collecting the discharge pulses in the each discharge stage, and assigning these pulses to the phase angle of AC voltage cycle in which the pulse was generated [22] . Since the discharge activity is phase dependent, the cluster of pulses could reflect the mechanism of discharges occurred. The PRPD feature of initiation stage is depicted in Fig. 4(a) , it can be observed that the discharge pulses are concentrated mainly in four regions, where Parts A and B are in positive cycle and Parts C and D are in negative cycle, and the pulses in Part A is remarkably higher than that in Part C. Such a PRPD feature is quite similar to that at a solid-gas interface [28] , which indicates a close relationship between solid-solid discharge and solid-gas discharge. It should be mentioned that the appearance of Parts B and D is likely to be induced by field distortion originated from charge trapping phenomena at the interface [29] . As regards the propagation stage, the PRPD feature is similar to the initiation stage except that higher magnitude of pulses with larger intensity could be found in Part A to D. This reveals that the discharge at this stage may have the same nature as that at the initiation stage. The relationship between the discharge rate (N) and the discharge magnitude (Q) is shown in Fig. 5 . The N-Q distribution chart is formed by considering all pulses in the overall interface discharge process, until the occurrence of interface breakdown. The discharge rate is defined as the discharge number per second in the each discharge stage. With the purpose of looking into detail information of N-Q, the Q is segmented by each 250 mV, thus 5 segments are formed in total as can be found in Fig. 5 . It can be seen from the N-Q distribution chart that with the increase of discharge magnitude, the discharge rate drops drastically. This would infer that most of the discharge pulses are tiny, and the presence of pulse with high magnitude is limited. Comparing with the initiation stage, the propagation stage has larger discharge rate in the each segment, indicating that the discharge at propagation stage is more serious than that at initiation stage.
B. INTERFACE DISCHARGE BEHAVIOR AT FLUORINATED PP AND SR
The interface discharge behavior at fluorinated PP and SR basically has similar feature as compared with that at pristine PP and SR, except some variations in time period of discharge initiation and propagation stages. pristine PP/SR interface. However, the time periods for the each stage are quite different from that for pristine PP/SR case. As can be found in Fig. 6(a) , the initiation stage lasts for ∼4.5 s which is over twice the value for pristine PP/SR. However, the propagation time at the fluorinated PP/SR is only ∼1.7 s, indicating a very fast development of discharge channel towards the grounded electrode. Such a propagation time is much shorter than that at the pristine PP/SR interface. The interface breakdown takes place at ∼6.2 s with the formation of a thick breakdown path. By comparing the path shown in Fig. 6 (c) with that depicted in Fig. 3(c) , it is proposed that the damage on polymer surface is more significant for fluorinated PP/SR than for pristine PP/SR.
The PRPD pattern of interface discharge at the fluorinated PP/SR is shown in Fig. 7 . The features at both the initiation and the propagation stages are quite similar to that shown in Fig. 4 for pristine PP/SR. Four cluster regions of discharge pulses could be observed as Parts A, B, C and D. Although the surface of PP is directly fluorinated, the discharge behaviors at the interface are not substantially changed. Again, surface discharge like manner is observed at the interface between fluorinated PP and SR. The dependence of discharge rate upon the discharge magnitude is depicted in Fig. 8 . For the initiation stage, no discharge pulse with magnitude larger than 750 mV could be found, this is the same situation as that for the pristine PP/SR. For the propagation stage, the discharge pulses possess higher rate in the each segment as compared with that at the initiation stage. By comparing Fig. 8 with Fig. 5 , it is noticed that although the dependence of N upon Q is similar for both the cases, the differences in discharge rate for the two stages at segments of (250∼500 mV) and (500∼750 mV) is more significant at the fluorinated PP/SR interface. This means that the discharge activity at the propagation stage is more serious at fluorinated PP/SR than at pristine PP/SR.
The time to breakdown is usually recognized as a helpful parameter to characterize the dielectric strength on surface or interface under a constant value of applied voltage in either AC or DC case. In this paper, with the purpose of obtaining a detailed understanding of the fluorination effect on interface insulation strength, the time to breakdown is divided into two parts, i.e. the initiation time and the propagation time, on the basis of time period lasting at the each stage as shown in Fig. 3 and Fig. 6. Fig. 9 shows the variations in both the initiation time and the propagation time in response to the fluorination time. With the extending of VOLUME 6, 2018 fluorination time from 0 min to 15 min, the initiation time increases from ∼2 s to ∼4 s, whereas the propagation time appears to decrease from ∼14 s to ∼2 s. Therefore, the overall time to interface breakdown becomes reduced approximately from ∼16 s to ∼6 s. This suggests that the direct fluorination has a negative effect on the dielectric strength of interface between PP and SR.
C. SURFACE CHARACTERIZATION OF PP
In order to better understand the effect of fluorination on interface discharge behavior at PP/SR, measurements have been carried out to inspect the possible variation in chemical and physical structures on surface layer of PP. A typical change in surface chemical composition induced by the direct fluorination is illustrated by ATR-FTIR spectrum shown in Fig. 10 . It is noticed that after the fluorination treatment, the absorption peaks at the wavenumber of 2700-3000 cm −1 and 1300-1500 cm −1 tend to be reduced, which indicates that the vibration absorption of C-H bond becomes weakened. On the other hand, the absorption peak at the wavenumber of 950-1340 cm −1 is remarkably strengthened, which should be assigned to the enhancement in stretching vibration of C-F bond. The possible mechanism for such a result has been ascribed to that the hydrogen atoms within PP surface layer have been substantially substituted by fluorine atoms since the C-F bond has higher band energy than C-H bond [13] . In addition, the presence of oxygen in the surface layer of fluorinated PP could be also observed. The carbonyl contained groups have been found in the form of acid fluoride group (-COF) at 1851 cm −1 and acid groups (-COOH) at 1751 cm −1 . Such a result is in close agreement with previous research performed by An et al. [30] , and the reason should be the occurrence of oxidation together with fluorination as commercial fluorine usually contains oxygen as the impurity [30] . The introduction of fluorine atom has been assumed to bring deep chemical traps since fluorine has the highest electronegativity in the periodic table [19] . In other words, the variation in chemical composition caused by the direct fluorination appears to introduce deep traps that are likely to capture charge carriers.
Furthermore, the formation of polar groups such as C-F, -COF and -COOH also contributes to the change in surface energy of PP, which could be reflected by the water contact angle measurement. The influence of the fluorination time on the water contact angle is shown in Fig. 11 . With the increase of the fluorination time, the water contact angle of PP sample tends to decrease. For instance, the water contact angle of pristine PP is ∼88 • , which decreases to ∼58 • for PP fluorinated with 15 min. It suggests that the surface energy of PP sample becomes increased by the fluorination, which is in agreement with the previous study [31] . This is attributed to the enhancement of surface polarity caused by the fluorination, where higher wettability of the fluorinated samples comparing with the pristine ones could be expected [32] .
On the other hand, the direct fluorination also induces change in physical structure of the polymer, since chain scission occurred during the chemical reaction process would result in a significant structure change or disorder [31] . The variation in surface morphology of PP is estimated by measurement of surface roughness. The relationship between the average surface roughness (R q ) and the fluorination time is shown in Fig. 12 . With the extending of the time from 0 min to 15 min, R q increases obviously from ∼42 nm to ∼65 nm. It indicates that substantial structural change occurred at the surface layer of PP which would lead to the formation of large void at the fluorinated PP/SR interface. The increase in surface roughness has also been observed on other polymers treated with fluorine, it was proposed that the increase in molecular volume by substitution and addition of fluorine atoms and also the chain scission at surface layer should be responsible for the increase in surface roughness [19] . Such a substantial structure change in physical morphology would seriously influence the interface discharge behavior and will be discussed in the following section.
IV. DISCUSSION
Interface discharge between two solids has been reported by previous studies [11] , [24] , [25] . It has been proposed that the discharge occurred at the interface is closely related to surface conditions of the materials [11] . Fig. 13 illustrates an envisaged scheme of microstructure of the contact between the two polymer samples used in this work. It is noted that the interface is composed of a number of asperities, which is featured with voids being connected by a series of intimate contact areas as depicted in Fig. 13(a) . In order to easy the analysis, a rough approximation has been made that the irregular voids are simplified as circle void with diameter d, while the irregular intimate contact areas are simplified as ideal contact areas between smooth surfaces, as is shown in Fig. 13(b) .
Since the electric field around the point electrode is high, partial discharge is expected to occur in voids close to it as the AC voltage is applied. If the voltage between the point to plane electrode is assumed as V z , thus
Where V a is the voltage across void, V c is the voltage across ideally contacted area. When partial discharge occurs within void next to the point electrode, the voltage across this void would decrease thanks to the high electrical conductivity of discharge spark. As a result, the voltage at contact area would appear to increase. However, the enhanced V c may not be high enough to introduce a breakdown on the contact area, otherwise obvious discharge channel would be observed immediately at the initiation stage as the AC voltage is applied. Some other possible mechanisms responsible for the local deterioration of contact area at the initiation stage may be suggested as shown in Fig. 14(a) . For the sake of simplification, only the very two voids adjacent to point electrode are taken into consideration, and the erosion on PP surface layer is discussed as an example. It can be seen that due to the appearance of partial discharge within Void 1 and 2, some effects caused by the discharge should been concerned, which are energetic particle bombardment and light emission from recombination of particles with opposite polarities. It should be mentioned that the thermal effect of discharge is not considered at this moment since the discharge is rather weak that the heat generated at this stage could be neglected. The bombardment tends to disrupt the covalent bonds that make up the polymer, therefore leading to the degradation of PP surface layer. The light emission also induces deterioration and accelerates the chain scission of sample. With the bombardment of particles, some of them lose part of energies and become trapped carrier (electron or hole) within the surface layer. Such carriers would undergo de-trapping process and recombination with each other, leading to further light emission as well as local field distortion. Consequently, the surface layer of PP becomes degraded with the formation of low density region that is relatively easy to allow electrical breakdown under AC voltage [33] . Once the surface layer is breakdown, the two voids, i.e. Void 1 and 2, are connected to a larger one, as a result of which the discharge channel appears to be longer. In other words, it is suggested that the degradation and the breakdown of the local contact area is the essential reason for the appearance of discharge channel. However, at the propagation stage, the mechanism for degradation and breakdown of the ideal contact area is quite different as compared with that at the initiation stage. As illustrated in Fig. 14(b) , the discharge channel at such stage is much thicker than that at the initiation stage, which indicates that the discharge activity is much stronger. This could be confirmed by, as an example, both the discharge appearance shown in Fig. 3 and the N-Q distribution shown in Fig. 5 . In such a case, the thermal effect of the discharge channel can not be neglected, since with the heat generated from the discharge, gas expansion would take place within the voids. Here the gas is not solely the air remained when the sample was prepared, the gaseous products generated from the degradation of polymer sample by discharge activity are involved as well. The gas expansion tends to result in a deformation of void, as is depicted in Fig. 14(b) at Void N as an example, thus the thickness of the contact area L Prop becomes smaller than the one between un-deformed voids L init . Due to the appearance of more serious discharge activity, degradation and subsequent breakdown induced by the energetic particle bombardment as well as the light emission from discharge channel appears to play more important role, whereas the charge injection, trapping as well as de-trapping behaviors should not be the dominant factor determining the degradation behavior of contact area. The overall interface breakdown takes place as all voids are connected by the discharge channel with the point and the plane electrodes short-circuited, consequently the large short-circuit current quickly damages the interface to form the carbonized path, as is shown in Fig. 3(c) and Fig. 6(c) , by which the interface loses its insulation property permanently.
The influence of direct fluorination on surface electrical property of polymer has been discussed in previous publications. It has been demonstrated that both chemical composition and physical morphology of the surface layer could be altered by the fluorination treatment [19] . One particular feature that the direct fluorination could introduce onto surface layer is that the carrier trap distribution could be modulated. As mentioned earlier, due to the highest electronegativity of fluorine atom, the C-F bond exhibits very high polarity. Thus the introduction of C-F onto surface layer of PP appears to form deep trap that restricts the transportation of electric charges [25] . On the other hand, the change in physical morphology leads to the formation of structure defects that usually act as shallow traps [19] . A competition occurs between the two effects just mentioned and the variation in charge trapping behavior is determined by the dominant one. As reported earlier in this work, the initiation time increases with the fluorination time which indicates that the degradation and the breakdown of the contact area tends to be mitigated. It is considered that such a behavior should be attributed to the newly formed C-F bond with higher bond energy than that of C-H bond [12] , thus the degradation of the fluorinated layer becomes more difficult. In addition, it is also assumed that the C-F bonds act as deep carrier traps could capture the injected charge hence the de-trapping and recombination behavior would be limited. In other words, the variation in chemical composition is over that in physical morphology in affecting the discharge initiation. The aforementioned mechanisms contribute to the delay of appearance of discharge channel as the PP is fluorinated, and this should be recognized as a positive effect of direct fluorination on the suppression of interface discharge.
However, as a larger number of voids are connected by the discharge channel, the ability of surface layer of PP to restrict charge carrier transportation becomes less important since the particle bombardment onto the layer plays more important role in the degradation at the propagation stage. Accordingly, the physical defects introduced by fluorination appear to be the dominant factor for the damage of the contact area. On the basis of the Paschen's Law, the breakdown strength within void can be expressed as follows [11] , Since the average surface roughness (R q ) of PP gets increased by the fluorination treatment, the diameter of void could be expected to increase. Therefore, the breakdown strength of void appears to decrease and the partial discharge becomes more easily to be induced. As a result, the discharge magnitude and the discharge rate for the fluorinated PP/SR are higher than that for the pristine PP/SR, which could be confirmed by experimental data shown in Fig. 5 and Fig. 8 . The thermal effect of discharge channel at fluorinated PP/SR interface is thereby more remarkable than that at pristine PP/SR, leading to the accelerated discharge propagation process, as is presented in Fig. 9 . Another possible mechanism that may be responsible for the reduced breakdown strength of void at fluorinated PP/SR interface is the enhanced surface energy, as demonstrated by the water contact angle measurement shown in Fig. 11 . Although it may be argued that the fluorination induced increase in average surface roughness could contribute to the decrease in the contact angle, it is considered that the formation of C-F has essential contribution to the decrease in the contact angle [31] . Accordingly, water absorption would occur more seriously on the fluorinated surface, which tends to induce electric field distortion in the void at fluorinated surface layer. This would assist the reduction in breakdown strength of void hence resulting in a faster discharge propagation process. In short, it is proposed that the relative fast discharge propagation process should be ascribed to the fluorination induced variation in physical morphology at PP surface layer, which should be considered as a negative effect on the suppression of interface discharge. As a summary, it would be suggested that the direct fluorination treatment has different influences on the initiation stage and the propagation stage, where a positive effect could be obtained at the initiation stage thanks to the chemical modification at surface layer but a negative effect plays dominant role at the propagation stage due to the variation in physical morphology, and the fluorination possesses negative influence on the interface insulation strength between PP/SR as a whole.
V. CONCLUSIONS
Effect of direction fluorination on interface discharge between PP and SR has been investigated in this work. 2) The PRPD pattern shows that the discharge pulses are mainly located at the 1 st and 3 rd quadrant, except some pulses formed at the zero crossing point in the AC voltage cycle. This feature is quite similar to that at a solid-gas interface. The PRPD patterns at both the initiation and the propagation stages exhibit similar feature. The discharge rate appears to decrease with the increase of discharge magnitude, and the rate at the propagation stage is higher than that at the initiation stage. The discharge magnitude and the discharge rate at fluorinated PP/SR is higher than that at pristine PP/SR for both the initiation and the propagation stages. 3) With the extending of fluorination time from 0 min to 15 min, the water contact angle decreases from ∼88 • to ∼58 • , which reveals that surface energy is enhanced. The average surface roughness of PP increases from ∼42 nm to ∼65 nm, which results in the formation of voids with larger size that reduces the breakdown strength of the void.
4) With the extending of fluorination time from 0 min to 15 min, the initiation time tends to increase, whereas the propagation time appears to be shortened. The overall interface breakdown time exhibits a decrease trend with the fluorination time. 
